The stability (in terms of molar mass) of chitosan potentially plays an important role in its behaviour and functional properties in a wide range of applications and therefore any changes over time must be understood.
Introduction
Due to being in a unique position as the only "natural" polycationic polymer chitosan and its derivatives have received a great deal of attention from, for example, the food, cosmetic and pharmaceutical industries. Important applications include water and waste treatment, antitumor, antibacterial and anticoagulant properties [1] . The interaction of chitosan with mucus is also important in oral and nasal drug delivery [2] . Chitin (poly-N-acetyl-D-glucosamine) extracted from the exoskeleton of crustaceans or from the mycelia of fungi can be fully or partially deacteylated to produce chitosan [1, 3] . In chitosan (Figure 1 ) the N-acetyl group is replaced either fully or partially by NH 2 therefore the degree of acetylation can vary from DA = 0 (fully deacteylated) to DA = 1 (fully acetylated i.e. chitin). In partially acetylated chitosans acetylated monomers (GlcNAc; A-unit) and deacteylated monomers (GlcN; D-unit) have been shown to be randomly distributed [4, 5] .
<Figure 1 here>
The stability (shelf-life) of chitosan in terms of molar mass, viscosity and conformation is highly relevant to its commercial uses as these properties can play an important role in the function of chitosan [6] . It is therefore fundamentally important to have the means available with which to measure the effects of and understand the relationships between storage conditions and stability.
In this paper we will look at the stability of chitosan solutions across a range of different temperature conditions: 4 ºC, 25 ºC and 40 ºC.
Materials and Methods

Samples
Chitosans of differing molar mass, designated as low (L), medium (M) and high (H) mass with degree of acetylation (DA) of ~ 20 % were obtained from Novamatrix (Oslo, Norway) and from Sigma Chemical Company (St. Louis, U.S.A.) and were used without any further purification. Chitosans (100 mg) were dissolved in 0.2 M pH 4.3 acetate buffer (100 ml) with stirring for 16 hours. The stability of chitosan solutions was then determined by measuring the weight average molar mass, M w and intrinsic viscosity, [η] at different times for up to 12 months at 4 ºC, 25 ºC or 40 ºC.
Viscometry
The densities and viscosities of sample solutions and reference solvents were analysed using an AMVn Automated Micro Viscometer and DMA 5000 Density Meter (both Anton Paar, Graz, Austria) under precise temperature control (20.00 ± 0.01 ºC). The relative, η rel and specific viscosities, η sp were calculated as follows:
Where η is the dynamic viscosity (i.e. corrected for density) of a chitosan solution and η o is the dynamic viscosity of buffer (1.0299 mPas).
Measurements were made at a single concentration (~ 1.0 x 10 -3 g ml -1 ) and intrinsic viscosities, [η], were estimated using the Solomon-Ciutâ approximation [7] . Absolute weight-average molar masses (M w ) were calculated using the ASTRA ® (Version 5.1.9.1) software (Wyatt Technology, Santa Barbara, U.S.A.), using the refractive index increment, dn/dc = 0.163 ml g -1 [8] .
Sedimentation Velocity in the Analytical Ultracentrifuge
Sedimentation velocity experiments were performed using an Optima XLI Analytical versus radial position, r [9] . The data was then analysed using the "least squares, lsg(s) model" incorporated into the SEDFIT (Version 9.4b) program [10, 11] . This software generates an apparent distribution of sedimentation coefficients in the form of ls-g*(s) versus s*, where the * indicates that the distribution of sedimentation coefficients have not been corrected for diffusion effects [9] .
Results and Discussion
Intrinsic viscosity and molar mass
Intrinsic viscosities and weight-average molar masses ( Tables 1 -3) of chitosans (L, M and H) generally decrease with increased storage time. The effect becomes more marked as storage temperature is increased.
<Tables 1 -3 here>
Sedimentation coefficient
The sedimentation coefficient was measured prior to storage at different temperatures and after 12 months at 4 ºC, 25 ºC and 40 ºC. As we can see from Tables 1 -3 the sedimentation coefficient is essentially insensitive to molar mass. This is typical of semi-flexible coil and rod type molecules, where the Mark-Houwink-Kuhn-Sakurada (MHKS) power law exponent, b, can be as low as 0.15 [3, 9] and therefore a 2-fold increase in molar mass may result in only a 1.1-fold (2 0.15 ) increase in sedimentation coefficient. We should also note that the sedimentation coefficients have not been corrected for their concentration dependencies [12] , k s , which can make a great difference for rigid polymers of high molar mass [3, 9] . This may therefore result in an apparent increase in sedimentation coefficient at finite concentration, although the molar mass and sedimentation coefficient at infinite dilution have decreased. We can however see from Figure 2 that although the sedimentation coefficient remains unchanged the width of the peak changes greatly. The width of the peak depends on both diffusion and polydispersity; however for rigid polymers the influence of polydispersity is minimal as the sedimentation coefficient is insensitive to changes in molar mass [3, 9] . Taking this into account we confirm the decrease in molar mass by an increase in diffusion (if the sedimentation coefficient remains constant) via the Svedberg equation [13] .
Where s 0 and D 0 are the sedimentation and diffusion coefficients respectively at infinite dilution; R is the universal gas constant (8.314 x 10 7 erg K -1 mol -1 ); T is the absolute temperature (293 K); ρ is density of the solvent (1.0083 g ml -1 ) and v (= 0.57 ml g -1 ) is the partial specific volume of chitosan [14] .
<Figure 2 here>
Kinetics and activation energy of chitosan depolymerisation
If depolymerisation follows 1 st order kinetics the degradation rate constant (k) can be calculated from the following equation [15] .
Where M w,t=0 and M w,t are the weight-average molar masses, t is time in days and m is the molar mass an average chitosan monomer = 216 g mol -1 [16, 17] .
We can also convert intrinsic viscosities in to molar mass using the following Mark-Houwink-Kuhn-Sakurada (MHKS) power law relationship [18] . This enables the estimation of the 1 st order rate constant (k) from both molar mass and intrinsic viscosity measurements (Figure 3 and Table 4 ).
<Figure 3 and Table 4 here>
We can see that for all three chitosans ( Table 4 ) the rate constant is smallest at 4 °C and greatest at 40 °C, although this is less marked for the high molar chitosan (H).
The agreement between estimates for ln k from molar mass and intrinsic viscosity is especially good at 40 °C and is quite poor at 4 °C. The rate constants are lower than those found by Holme, Davidsen, Kristiansen, & Smidsrød (2008) [19] at pH 5 which is consistent with decreased depolymerisation at lower pH [20] . The starting molar mass (M w,t=0 ) does not appear to have any influence on the rate of depolymerisation over the range studied.
The first order rate constant (k) can then be used to determine the activation energy (E a ) of depolymerisation using the Arrhenius equation:
RT E
A k a − = ln ln (7) Where R is the universal gas constant (8.314 J K -1 mol -1 ) and T is the temperature in Kelvin.
We find, albeit with only 3 data points, an activation energy of 15 -80 kJ mol -1 (Figure 4 and Table 5 ) which appears to negatively correlated with molar mass and is generally less than the value of ~ 80 kJ mol -1 found by Holme et al (2008) [19] . This may be due to lower pH in this study (pH 4.3 vs. pH 5.0) and the possible presence of oxygen in the headspace of the sample container which will promote oxidativereductive depolymerisation (ORD) in addition to acid depolymerisation [19, 20] .
Further studies will include an investigation into any chemical changes upon storage e.g. formation/ loss of functional groups and the effect of pH and temperature on the physico-chemical properties of chitosan. <Figure 4 and Table 5 here>
Conclusions
It has been clearly demonstrated that over a range of molar masses chitosan is susceptible to depolymerisation in dilute solution at pH 4.3. This is especially true at higher temperatures (40 °C). Rate constants (at 25 °C and 40 °C) for the depolymerisation of chitosan estimated from changes in either molar mass or intrinsic viscosity show good correlation.
Chitosan storage conditions and particularly temperature may be important but whether or not chitosan depolymerisation will be detrimental to its intended application will depend on the functional significance of the changes that occur. For example it has been reported that low molar mass chitosans can cause more cell damage [21] , although they may also prevent diabetes mellitus progression in mice to a greater extent than high molar chitosans [22] , show greater antibacterial activity compared with high molar mass chitosans [23] and whilst the high viscosities of high molar mass chitosans limit its biological usefulness, low molar mass chitosan is more soluble at neutral pH and therefore potentially more available in vivo [24] . However it has also been reported that high molar mass chitosans show greater antibacterial activity compared with low molar mass chitosans [25] , that nasal insulin delivery [26] is more effective with chitosan of molar mass greater than 100000 g mol -1 Figure 4C 
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